Information on the distance to the target is very important to achieve the practical use of hands-free speech interfaces and nursing-care robots. Many distance measurement methods, which use the time-of-flight (TOF) of a reflected wave measured with reference to the transmitted wave, have been proposed. However, these methods cannot measure short distances because the transmitted wave, which has not attenuated sufficiently at the time of a reflected wave reception, suppresses reflected waves for short distances. We previously proposed an acoustic distance measurement method based on interference between the transmitted and reflected waves, which can be used for distance measurement over a short range using single microphone. This method is referred to the phase interference method. It can estimate the distance to target, but cannot estimate the direction of target. In the present paper, therefore, we propose to achieve acoustic imaging with the phase interference method by using microphone-array instead of single microphone. More specifically, we apply the beamformer to the range spectra calculated from observed signals at each microphone of microphone-array to obtain the spatial information. Finally, we confirm the effectiveness of the proposed method through evaluation experiments in real environments.
INTRODUCTION
In recent years, the robots used around the people are developed actively. For example, the autonomous moving robots which can avoid the accidental contact to the obstacle are expected [1] , [2] . The distance and the direction of the target in short range are absolutely imperative to achieve these robots. Conventionally, the acoustic imaging based on time-of-flight (TOF) in ultrasound has been proposed to estimate the distance and the direction of the target [3] , [4] . In this method, the distance is measured by time difference between transmitted and reflected waves [5] . However, this method is difficult to measure short distance because the multiple reflections degrade the estimation accuracy due to no attenuation of the transmitted wave [6] . Thus, we have to consider the situation that the targets exist in the short-range in order to achieve the robot used around the people. Then, we proposed the acoustic distance measurement method which is robust for multiple reflections. This method measures the distance based on the interference between transmitted and reflected waves using single microphone [7] . And, this method is referred to the phase interference method. In the phase interference method, the power spectrum of phase interference is periodical in frequency. Moreover, its period is inversely proportional to the distance. Thus, the distance is estimated by applying Fourier transform to the power spectrum. The phase interference method can estimate the distance to the target in the short-range with single microphone. However, the acoustic imaging method based on the phase interference method has not yet been proposed to estimate the distance and the direction.
Thus, in this paper, we propose the acoustic imaging based on the phase interference method to estimate both distance and direction of the target in the short-range. More specifically, we apply the beamforming technology to range spectra calculated from each microphone of the microphone-array. In addition, we correct for peak of range spectra to reduce the estimation error caused by distance attenuation. We also expand the scanning areas to obtain the information about targets in all directions. Finally, we confirmed the effectiveness of the proposed method through evaluation experiments in real environments.
PROPOSED ACOUSTIC IMAGING METHOD BASED ON THE PHASE INTERFERENCE METHOD
In this section, we proposed acoustic imaging method based on the phase interference method. At first, we apply the beamforming technology to range spectra calculated from each microphone of the microphone-array to estimate both distance and direction of the target. Besides, we correct for peak of range spectra to reduction of the estimation error by distance attenuation. We also expand the scanning areas to obtain the information about targets in all directions using rotating microphone-array and conducting acoustic imaging to plural directions.
Principle of The Proposed Method
In the proposed method, we apply the beamforming technology to range spectra calculated from each microphone of the microphone-array to estimate both distance and direction of the target. We calculate the range spectra using linear microphone-array mounting M microphones with L spacing between microphones. P i (x) is range spectra calculated by the signal v i (t) observed from i-th microphone. We consider the case when the target exists in the direction ș T and the reflect waves are plane waves. At this time, the distance differences of arrival between microphones are determined as ȟ = Lsinș T . Thus, we utilize a phase shift for all scanning directions to range spectra calculated from the microphone-array by Eq(1).
where x denotes the distance of range spectra, |P i (x, ș)| also denotes phase-shifted range spectra in the direction ș calculated from i-th microphone. We can obtain the result of acoustic imaging |P ds (x, ș)| by summation of phaseshifted range spectra as Eq. (2).
This processing is equal to the delay-and-sum beamformer in the microphone-array. We carried out a primary experiment to confirm the effectiveness of the acoustic imaging method based on the delay-and-sum beamformer for range spectra. Figure 1 shows the disposition of the target, the loudspeaker and the microphone-array. Table 1 shows the primary experimental conditions. The two targets were set 0.50 m and 1.25 m away from the microphone-array. Figure 2 shows the result of primary experiment with acoustic imaging. We can confirm the highest peak on 0.50 m and the smaller peak on 1.25 m because distance attenuation. Therefore, the estimation accuracy is degraded by distance attenuation in the farther target. Thus, we study about an attenuation correction method.
Attenuation Correction Method and Side Lobe Suppression Method
In the acoustic imaging method which equals the delay-and-sum beamformer, the peak value of range spectra attenuates at the farther distance between the target and the microphone. Therefore, the estimation accuracy in the farther target is degraded by distance attenuation. Thus, we study about the correction to the attenuated peak of range spectra. In this paper, we formulate about the correction function y(x) which corrects attenuation of the peak value of range spectra as Eq. (3).
where a and b are calculated by regression analysis for the weighting coefficient which corrects the attenuated peak of range spectra. In this paper, we experimentally determine a and b through primary experiment which verifies the peak value of range spectra in different distances. Figure 3 shows the results of primary experimental. Figure 3 (a) shows the peak value of range spectra calculated at 8 points from 0.25 m to 2.00 m distance between the target and the microphone. Figure 3 (b) also shows the weighting coefficient which corrects certain amount of the peak value in all measurement points. From the results of preliminary experiments, we determine as a = 0.55 and b = 0.65. Moreover, the directivity of each microphone generates the variations for the peak value of range spectra. Accordingly, we conduct the correction and the calibration for range spectra by Eqs. (4) and (5). 3 . Experimental results about correction to the attenuated peak of range spectra
where |P i (x, ș)| is phase-shifted range spectra calculated by Eq. (1), A ș also denotes the maximum value of y(x) · |P i (x, ș)|, |P i (x, ș)| also denotes range spectra after processing the correction and the calibration. In addition, the side lobe of range spectra spreads in the horizontal direction with the small number of microphones in the acoustic imaging method. Therefore, the estimation accuracy for horizontal direction is degraded by side lobes. Thus, we study about side lobe suppression method. In the proposed method, we suppress the side lobes using following equation based on product-sum operation. , ) , ( ) , ( (6) where N (N < M) denotes the number of channels which conduct logical product. We can suppress the side lobe with the higher N. In this paper, we carried out the primary experiment to confirm the effectiveness of correction to peak of range spectra and side lobe suppression. Figure 1 shows the disposition of the target, the loudspeaker and the microphone-array. Table 1 shows primary experimental conditions. The two targets were set 0.50 m and 1.25 m away from the microphone-array. Figures 4 (a) and (b) show the results of acoustic imaging with the correction to peak of range spectra and side lobe suppression method. We can confirm two higher peaks on 0.50 m and 1.25 m in Fig.4 (a) and (b) . The lower N could not suppress the side lobes as shown in Fig. 4 (a) . On the other hand, the higher N could suppress the side lobes as shown in Fig. 4 (b) .
We have studied about estimating both distance and direction of the target in front direction without moving measurement system. However, the environmental information of the entire is required when the robots should search for the target. Therefore, we expand the scanning areas of acoustic imaging to obtain the information about targets in all directions with rotating measurement system. 
Study on Acoustic Imaging for All Directions by Rotating Measurement System
We have studied about estimating both distance and direction of the target in front direction without moving measurement system. However, the environmental information of the entire is required when the robots search for the target. Therefore, we expand the scanning areas of acoustic imaging to obtain the information about targets in all directions with rotating measurement system. We conduct the acoustic imaging for plural directions by rotating microphone-array to estimate both distance and direction for all directions. However, the overlap areas appear in the acoustic imaging result when we conduct the acoustic imaging for plural directions. Furthermore, we calculate the average on overlap areas. When J x,ș is the total number of the overlap times at the overlap areas P j (x, ș), the acoustic imaging for overlap area P'(x, ș) is calculated by Eq. (7).
Then, we can obtain the result of acoustic imaging for all directions P'(x, ș) to calculate the average in all overlap areas ș(0 ș < 360).
EVALUATION EXPERIMENT Experimental Conditions
We carried out an evaluation experiment in the real environment to confirm the effectiveness of the proposed method. Figure 5 shows the disposition of the target, the loudspeaker and the microphone-array. Table 2 shows the experimental conditions. We mounted the microphone-array and the loudspeaker on the rotating robot. The robot rotated 45 degrees at one time. We recorded signals after the robot has stopped rotating. We utilized the plastic boards and the walls as the targets. We utilized the pulse signal for transmit wave. We assumed that the sound velocity is 340 m/s. We utilized the 6 kHz frequency bands to distance measurement. In these conditions, the distance resolution is 0.03 m distance by Eq. (8). where, f w denotes the frequency bands for the distance measurement in the phase interference method. In the case of estimation error in the range of distance resolution, the effectiveness of the proposed method is confirmed on distance estimation. Figure 6 shows the experimental results of the acoustic imaging for all directions by the rotating measurement system. Both distance and direction of all targets are detected in all directions. The lower N could not suppress the side lobe as shown in Fig. 6 (b) . On the other hand, the higher N could suppress the side lobe as shown in Fig. 6 (c) . Figure 7 shows the distance estimation error for each target. In Fig.7 , we confirm the effectiveness that all distance estimation errors exist in the range of the 0.03 m distance resolution. Figure 8 shows the direction estimation error caused by side lobes. We used the peak width which attenuated 30% from the peak value for the evaluation. The side lobe suppression method based on product-sum operation could reduce estimation error for approximate 0.50 m compared with the delay-and-sum beamformer. Moreover, the side lobe suppression method based on product-sum operation could reduce estimation error for approximate 1.00 m compared with the attenuation correction method. As the results, it is possible to confirm the effectiveness of the proposed method. 
Experimental Results

CONCLUSIONS
In this paper, we studied on the acoustic imaging based on beamformer to range spectra in the phase interference method to estimate the distance and the direction of the target in the short-range. In addition, we proposed the attenuation correction method and side lobe suppression method based on product-sum operation to reduce the estimation error. Moreover, we expand the scanning areas to obtain the information about targets in all directions. We confirmed the effectiveness of the proposed method through the evaluation experiments in real environments. In the future, we intend to estimate the size of target by moving microphone array.
